Key message Pearl millet breeding programs can use this heterotic group information on seed and restorer parents to generate new series of pearl millet hybrids having higher yields than the existing hybrids. Abstract Five hundred and eighty hybrid parents, 320 R-and 260 B-lines, derived from 6 pearl millet breeding programs in India, genotyped following RAD-GBS (about 0.9 million SNPs) clustered into 12 R-and 7 B-line groups. With few exceptions, hybrid parents of all the breeding programs were found distributed across all the marker-based groups suggesting good diversity in these programs. Three hundred and twenty hybrids generated using 37 (22 R and 15 B) representative parents, evaluated for grain yield at four locations in India, showed significant differences in yield, heterosis, and combining ability. Across all the hybrids, mean mid-and better-parent heterosis for grain yield was 84.0% and 60.5%, respectively. Groups G12 B × G12 R and G10 B × G12 R had highest heterosis of about 10% over best check hybrid Pioneer 86M86. The parents involved in heterotic hybrids were mainly from the groups G4R, G10B, G12B, G12R, and G13B. Based on the heterotic performance and combining ability of groups, 2 B-line (HGB-1 and HGB-2) and 2 R-line (HGR-1 and HGR-2) heterotic groups were identified. Hybrids from HGB-1 × HGR-1 and HGB-2 × HGR-1 showed grain yield heterosis of 10.6 and 9.3%, respectively, over best hybrid check. Results indicated that parental groups can be formed first by molecular markers, which may not predict the best hybrid combination, but it can reveal a practical value of assigning existing and new hybrid pearl millet parental lines into heterotic groups to develop high-yielding hybrids from the different heterotic groups.
Introduction
Pearl millet (Pennisetum glaucum (L.) R. Br., syn. Cenchrus americanus (L.) Morrone, is cultivated in environments of low and erratic rainfall, high temperatures and low soil fertility and is the main source of food and fodder for the farming communities in arid and semiarid tropics of sub-Saharan Africa and South Asia. It occupies about 27 m ha area worldwide and is staple food for more than 90 million people globally. In South Asia, it occupies an area of about 8.0 m ha in India, with about 60 to 70% grown under hybrids (about 5.0 m ha) (Satyavathi 2017 ) and about 0.5 m ha (mostly under hybrids) in Pakistan (Ullah et al. 2017) . Successful deployment of hybrids in India led to phenomenal increase in average productivity of pearl millet from 305 kg ha −1 in 1950s to present yield of 1132 kg ha −1 (Yadav and Rai 2013) . To make this possible, breeding programs in public and private sector in India have worked closely with pearl millet breeding program of ICRISAT-Asia and are continuously engaged in enhancing genetic diversity of hybrid parents utilizing significant breeding material of African and Asian origin.
ICRISAT continues to be one of the major developers of advanced breeding lines and hybrid parents which have been widely disseminated worldwide since 1980s. The long-term goal of ICRISAT's hybrid pearl millet breeding program is to develop and disseminate broad-based germplasm, generate parents to develop hybrids with diverse phenotypic traits, adaptation to multiple environments and having high yield, multiple resistance to diseases and tolerance to abiotic stresses. ICRISAT-bred hybrid pearl millet germplasm has been playing a major role in hybrid pearl millet programs in public and private sectors globally, and especially in India, where 60 to 70% hybrids cultivated at farmer's field derives one or both of their parents (directly or indirectly) from this program (Mula et al. 2007; ICRISAT 2012; Rao et al. 2018) .
In order to continuously enhance the genetic gains achieved through pearl millet hybrids, there is need to evolve new strategies to increase magnitude of heterosis further. One of them is to increase heterozygosity through hybridization of genetically distinct parental materials belonging to distinct heterotic pools (Melchinger and Gumber 1998) . To achieve this, an ideal approach would be to cross all potential germplasm sources in diallel crosses and select the most promising heterotic patterns, which is not practically feasible due to large number of materials and resources involved. Alternatively, available germplasm needs to be organized into heterotic groups to increase the efficiency of hybrid breeding program (Reif et al. 2005) . Importance of formation of heterotic groups has been suggested in maize (Zea mays) (Menkir et al. 2004; Reif et al. 2003; Akinwale et al. 2014; Suwarno et al. 2014) ; rye (Secale) (Fischer et al. 2010) ; sunflower (Helianthus annuus) (Reif et al. 2013 ); sorghum (Menz et al. 2004 ) and in rice (Xie et al. 2013; Wang et al. 2015) . Of the two recently concluded studies on formation of heterotic groups in pearl millet, one investigated combining ability patterns in West African population hybrids but could not come out with clear heterotic groups (Pucher et al. 2016) ; while the other assessed hybrid parents from one breeding program only (Ramya et al. 2018 ) and did not estimate heterosis in identified groups over currently popular high-yielding commercial hybrids.
To overcome the limitation of evaluating all possible crosses in available germplasm for identification of heterotic pools, Melchinger (1999) suggested (i) clustering germplasm based on genetic similarities, (ii) selecting representative genotypes from each subgroup, (iii) evaluating crosses among representative genotypes in field trials, and (iv) finally identifying heterotic pools based on per se performance, combining ability and heterosis. Hence, clustering of available germplasm, through precise phenotyping or genotyping, into groups is a prerequisite to formulate working heterotic pools in any crop. Interestingly, recent investigations assessing molecular genetic diversity in pearl millet classified breeding lines into genetically distinct groups (Kapila et al. 2008; Stich et al. 2010; Nepolean et al. 2012; Singh et al. 2013; Gupta et al. 2015; Singh et al. 2018; Ramya et al. 2018 ) and further indicated the existence of two broad-based pools in hybrid parents, each representing B-(seed parents) and R-lines (restorers parents). However, the precise information on heterotic pattern in two groups of material is lacking. This study was, therefore, conducted to identify the patterns of heterotic groups among hybrid parents available across ICRISAT and national (both public and private sector) pearl millet breeding programs of India, which has broader adaptation in South Asia. We also assessed whether there is any association between molecular diversity and magnitude of heterosis realized in terms of higher productivity. Such information can provide a guideline reference to maximize germplasm potential useful for increasing heterosis in pearl millet hybrid breeding.
Materials and methods

Genetic material
Five hundred and eighty hybrid parents (320 R-lines and 260 B-lines) were used in this study. They included 391 parental lines having diverse pedigrees from ICRISAT pearl millet breeding program (195 R-lines coded between R-1 and R-200; 196 B-lines, coded between B-1 and B-200) ; and 189 lines from 5 different breeding programs representing both public and private sectors (125 R-lines coded between R-201 and R-342; and 64 B-lines coded between B-201 and B-264) ( Supplementary Table 1 ). These breeding programs were: Chaudhary Charan Singh Haryana Agricultural University (CCSHAU), Hisar, Haryana; Junagadh Agricultural University (JAU), Jamnagar, Gujarat; Mahatma Phule Krishi Vidyapeeth (MPKV), Dhule, Maharashtra; Sri Karan Narendra Agriculture University (SKNAU), Durgapura, Rajasthan, and one private seed company (name undisclosed). The four public funded research programs at Hisar, Jamnagar, Dhule and Durgapura represented states which collectively cultivate about 90% of pearl millet in India.
DNA extraction and genotyping
Thirty to thirty-five seeds from each parental line were sown in a dark room maintained at a temperature between 18 and 25 °C at ICRISAT-Patancheru. Etiolated leaf tissues were harvested eight days after sowing. Pooled leaf tissue from 20 to 25 seedlings per line was collected for DNA extraction using a modified DNA extraction method described by Mace et al. (2003) . The DNA was stained by 5 ng/µl of ethidium bromide and checked using 0.8% (w/v) agarose gel electrophoresis in tris-acetate-EDTA (TAE) buffer for 1 h at 90 V with visualization under ultraviolet (UV) light.
The parental lines were resequenced using restrictionsite-associated DNA (RAD) sequencing, followed by SNP calling and filtering as described by Varshney et al. (2017) . Resequencing data of these pearl millet lines are available at https ://www.ncbi.nlm.nih.gov//sra/?term=SRP06 3925. Also, the world reference germplasm line Tift 23 D 2 B 1 -P 1 -P 5 was used as a control. This line is a single plant selection done at ICRISAT from Tift 23 D 2 B 1 line which was bred at the Coastal Plain Experiment Station, Tifton, Georgia, USA.
Selection of parents for development of hybrids
Diversity analysis was carried on RAD-GBS data of 580 hybrid parents based on Roger's distance (Rogers 1972) and following unweighted neighbor joining clustering method using DARwin software version 6.0.015 (Perrier et al. 2003) . The grouping of B-and R-lines into clusters was done at 5% dissimilarity level. All the 580 hybrid parents were found clustered into 13 clear-cut groups (9 R-line groups) and (4 B-line groups). Three groups which had mix of both B-and R-lines were separated into 3B-and 3R-line groups ( Table 1 , Fig. 1 ). Hence, total of 7 B-line groups and 12 R-line groups were identified. Groups dominated by R-lines were designated as G1R to G9R; groups dominated by B-lines were designated as G13B to G16B, while mixed groups were designated as G10B, G11B and G12B for B-lines while G10R, G11R and G12R for R-lines. Representative lines for each of these groups were identified on the basis of total number of parents falling in that respective group and also considering genetic distance (GD) of the parent in the respective group. Based on the number of lines a group had, the groups were characterized as: large (> 10% of the total lines), medium (5-10% lines) and small (< 5% lines). As a rule, 3, 2 and 1 representative lines were identified from these large, medium and small groups, respectively (Table 1) . Representative lines were identified which can represent the entire range of GD of the respective group. The average GD of the groups and the average GD of representative lines in relation to all other lines in the respective group are presented in Table 1 . In the case of small groups, one line having average GD with respect to all other lines of the specific group was identified. In the case of medium groups, one line having higher and the other having lower GD with respect to all other lines than the average GD of the specific group were identified. In the case of large group, one line having GD equivalent to the average GD with respect to all other lines of the specific group, and two other with one having higher and the other having lower GD with respect to all other lines than the average GD of the specific group were identified. The genetic structure of the representative lines consisted of 13 groups, each having 1 to 3 representative lines (Fig. 1 ). The set of 37 lines represented the allelic variation presented in the entire set of breeding lines (Fig. 3) . The GD values for the 37 parents ranged from 0.136 to 0.349 with an average of 0.285, which was 0.286 in the original set of 580 parental lines. In total, 37 (15 B-and 22 R-lines) representative lines were selected across these groups and crossed in line × tester mating design to generate 320 test cross hybrids (10 hybrids could not be generated due to flowering synchronization problems in parental lines) during summer season of 2015 at ICRISAT. These 320 hybrids represented 84 marker-based group crosses (7 B-line groups × 12 R-line groups).
Field evaluation of hybrids and parents
A trial comprising 320 hybrids, 37 parents and 4 hybrid check entries was planted in alpha lattice design with two and HHB-67-Improved. The two Pioneer hybrids 86M86 and 86M88 are currently cultivated on large areas in India and also in some parts of Pakistan (Pioneer, Pakistan 2018) . ProAgro 9444 is one of the most stable hybrids grown over large area in India since last about two decades. Hybrids and parents were blocked separately within the replication to avoid suppressive effect of hybrids over parents. Hybrid plots were randomly assigned to the first 25 blocks of each replicate, and parental plots were randomly assigned to the last three blocks of each replicate. Each entry was planted in 2 rows of 4 m length, spaced at 75 cm between rows and 15 cm between plants.
Standard agronomic management practices were followed at all the locations for good crop growth. Basal dose of 100 kg of DAP (diammonium phosphate, containing 18% N, 46% P) was applied at the time of field preparation, and 100 kg of urea (46% N) was applied as top dressing to meet the recommended dose of 64 kg of N ha −1 and 46 kg of P ha −1 ; irrigations were given soon after sowing and then subsequently during the season as and when required. Seedlings were thinned at 15 days after sowing to maintain seedlings at a uniform spacing of 15 cm. The other cultural practices like weeding, protection against insects, pests, diseases and birds were done throughout the growing period as and when required. All the panicles in a plot were harvested for each entry. The harvested material was sun-dried for 10 to 15 days, threshed and recorded for grain yield in kilogram and converted to grain yield per hectare.
The present study investigated B × R hybrids, though A × R hybrids have to be developed for cultivation. Since A-lines of CMS system are sterile but contain exact same nuclear genotype as that of B-lines, we measured traits of B-lines parents and genotyped them in place of A-lines to obtain consistent parent phenotypic values. The phenotype derived from hybrids of B-lines and R-lines can be used to represent the crosses between A-and R-lines.
Statistical analysis
The procedure of the line × tester analysis according to Kempthorne (1957) was used for estimating general and specific combining ability effects and variances as described by Singh and Chaudhary (1977) . Combined analysis of variance was carried out using PROC MIXED (SAS v9.4, SAS Institute Inc. 2017), considering environment, treatments and replication as fixed. In order to pool the data across four environments, individual environment variances were modeled to error distribution using residual maximum likelihood (REML) procedure. The phenotypic observations Z ijk on accession k in replicate j of environment i were modeled as:
where µ is the grand mean; e i is the fixed effect of environment i; t k is the fixed effect of treatment k; (e/r) ij is the fixed effect of replication j nested with in environment i; (et) ik is the fixed effect of the interaction between treatment k in environment i; ε ijk is the random residual effect and ~ NID(0, σ ε 2 ). Least square means were estimated for all effects using combined analysis. Mean square effects of line, tester and their interactions from combined analysis of variance across environments for hybrids (Table 2) were used in the following formulas to estimate variances of general and specific combining ability (Table 3) .
where r number of replications, E number of environments, L number of lines and T number of testers. GD, SCA, MPH and BPH between any two of the 84 groups were also estimated based on the means of GD, SCA, MPH and BPH values, respectively, of all the probable combinations between the representative parents in those two groups. Heterosis for grain yield was estimated as (i) mid-parent heterosis (MPH) = 100 × (F 1 − MP)/ MP; (ii) better-parent heterosis (BPH) = 100 × (F 1 − BP)/ BP; and hybrid yield advantage over commercial check = 100 × (F 1 − SC)/SC; where F 1 is hybrid yield, MP is yield mean of both parents, BP is the yield of better-yielding parent, and SC is the yield of best standard check. Pioneer 86M86, the highest yielder in the trial, was considered as standard check (SC), while ProAgro 9444 (hybrid with maximum market size in India over last 20 year period and grown across pearl millet zones and 
Results
Molecular diversity
Genetic data summary calculated at each locus using R software version 3.4.1 (R Core Team 2017) using 580 hybrid parents and 8,95,791 SNP markers after a cutoff on the minor allele frequency at 5% and taxa coverage at 30% showed that the polymorphic information content (PIC) value for all 580 hybrid parents ranged from 0.091 to 0.774 with an average value of 0.238. Furthermore, the PIC value ranged from 0.000 to 0.749 (average of 0.209) and 0.000 to 0.750 (average of 0.244) for B-and R-lines, respectively. Gene diversity for all hybrid parents varied from 0.095 to 0.702, averaging 0.288. Among B-and R-lines, average gene diversity was 0.252 (ranged from 0.000 to 0.674) and 0.297 (ranged from 0.000 to 0.715), respectively. The average major allele frequency for all the hybrid parents ranged from 0.321 to 0.950 with a mean of 0.798. 
Grouping of B-and R-lines and GD
The clustering pattern depicted through dendrogram ( Fig. 1 and Supplementary Figure S1 ) clearly delineated most of B-and R-lines into separate groups. Seventy-three percent (233 lines) and seventy percent (180 lines) of B-and R-lines formed clear-cut separate groups; R-lines making further nine (G1R to G9R) subgroups and B-line making four (G13B to G16B) subgroups. In R-line groups, G1R had the highest number (46) , respectively, were found in G1R, G6R, G7R, G11B/R, G13B, and G14B, respectively.
Hybrid parents from different breeding programs (both public and private) were found distributed across groups, the only exception was Dhule where most of the B-and R-lines were found grouped in single group G11B/R only (Fig. 2) . Many lines from a particular breeding program were found in same group: 12 out of 35 R-lines from Hisar were in G1R; 6 out of 22 and 7 out of 19 R-lines from Jamnagar and Durgapura in G2R; 4 out of 18 B-and 5 out of 22 R-lines from Jamnagar in G3R; 5 out of 35 R-lines from Hisar in G4R; 9 out of 30 R-lines from Dhule in G6R; 12 out of 16 B-and 14 out of 30 R-lines from Dhule in G11B/R; and 5 out of 12 B-lines from Hisar in G15B.
Genetic distances between the 84 marker group crosses varied from 0.20 (G11B × G11R) to 0.33 (G15B × G12R and G11B × G2R). Genetic distance between all 580 parents varied from 0.016 to 0.375 with maximum number of B × R combinations (59.4%) in range of 0.28 to 0.32, followed by 23.5% in the range of 0.24 to 0.28 (Fig. 3) . Among the selected representative 37 parental lines, GD varied from 0.136 to 0.349, with B-159 × R-22 having minimum GD of 0.136 and both B-96 × R-9 and B-234 × R-9 having maximum GD of 0.349.
Combined Analysis of Variance for Combining Ability
Analysis of variance for grain yield based on line × tester analysis (Table 2 ) showed large and highly significant variation due to locations, indicating that the materials were evaluated under diverse environments. Large and highly significant variation observed due to parents and due to hybrids indicated wide genetic differences among parental lines as well as among hybrids. Yield performance of both parental lines and hybrids was significantly modified by environments. The significant and relatively large percentage of the total variation attributable to the G × E suggests that hybrids responded differentially to various evaluation environments. Estimates of variances of GCA, SCA, and their interactions with environment based on line × tester analysis are provided in Table 3 . SCA was found 1.8 times higher than the GCA variance.
Per se Performance of Parents, Hybrid performance, General Combining Ability (GCA), and Specific Combining Ability (SCA) Effects
The details on per se performance of parents, hybrid performance, general combining ability, and specific combining ability effects for grain yield based on pooled data of four environments are presented in Table 4 . The mean values of grain yield among the B-lines varied from 932 (B110) to 2806 kg ha −1 (B159) with an average of 1458 kg ha −1 , whereas among the R-lines the range was from 1122 (R187) to 2680 kg ha −1 (R177) with mean of 1940 kg ha −1 . The GCA effects for grain yield per hectare varied from − 548.0 (P < 0.01) (B194) to 493.3 (P < 0.01) (B110) among B-lines and from − 644.6 (P < 0.01) (R80) to 1058.2 (P < 0.01) (R167) among R-lines. Out of 15 B-lines and 22 R-lines, four B-and nine R-lines exhibited positive and significant GCA effects, whereas five B-and nine R-lines showed negative and significant GCA effects (Table 4 ). Among hybrids, SCA effects varied from − 1704.8 (P < 0.01) (B110 × R177) to 2705.2 (P < 0.01) (B169 × R75). Fifty-eight and sixty-six hybrids possessed significant negative and positive SCA effects, respectively. Of sixty-six hybrids (mean range from 2470 to 4700 kg ha −1 ) with specific combining ability in desirable direction, the cross combination, B-169 × R-75 (2705.2, P < 0.01) with H + gca × H − gca parental combination, showed the highest significant SCA effect followed by B-86 × R-187 (2295.6, P < 0.01) (H − gca × H − gca) and B-37 × R-110 (2215.7, P < 0.01) (H + gca × H + gca) (Table 4) The mean grain yield of parents was also found positively correlated with GCA for grain yield (r = 0.42, P < 0.001).
In 84 marker-based hybrid groups, average grain yield varied from 2198 kg ha −1 (G12B × G8R) to 4507 kg ha −1 (G12B × G12R) with a mean of 3222 kg ha −1 (Table 5; only 30 highest yielding groups are presented). Based on performance of group crosses between B-and R-lines for grain yield, group cross G12B × G12R (4507 kg ha −1 ) had the highest grain yield followed by G10B × G12R (4456 kg ha −1 ), G13B × G12R (4434 kg ha −1 ) and G11B × G12R (4255 kg ha −1 ).
Magnitude of heterosis and its association with GD
The estimates of mid-and better-parent heterosis for grain yield are presented in Table 5 . Across 84 group crosses, the range of mid-parent heterosis was from 25.5% (G12B × G5R) to 215.0% (G12B × G4R), while it was − 15.6 (G12B × G5R) to 153.6% (G14B × G11R) for better-parent heterosis. Across all the 320 hybrids, mean mid-and better-parent heterosis for grain yield was 89.0% and 60.5%, respectively. Maximum number of hybrids had mid-parent heterosis in the range of 76-100%, while better-parent heterosis was in the range of 51-75% (Fig. 4 ). Maximum number of parental lines had grain yield in the range of 1501-2000 kg ha −1 , while maximum number of hybrids was found in the range of 3001 to 5000 kg ha −1 (Fig. 5) .
The estimates of heterosis in 320 F 1 s for yield over commercial checks were estimated over the best check hybrid Pioneer 86M86 (4077 kg ha −1 ). Hybrid ProAgro 9444, known for its wide adaptation and having highest cultivated area in India, had grain yield of 3490 kg ha −1 . Hybrid yield advantage over commercial check (over Pioneer 86M86) varied from − 71.5% (B-37 × R-11) to 15.3% (B-130 × R-167) at individual hybrid level, while at group level G12B × G12R had highest advantage of 10.57% followed by G10B × G12R (9.31%) and G13B × G12R (8.77%). The range of heterosis over ProAgro hybrid 9444 ranged from 34.67 (B 130 × R167) to − 66.7 (B 37 × R 11), while group cross G12B × G12R had highest heterosis of 29.1% There was no significant correlation (r = 0.054) between grain yield of hybrids and GD between parental lines (Table 6 ). Significant positive correlation was found between grain yield of hybrids and mean grain yield of parental lines (r = 0.42, P < 0.001) and with grain yield of better-parent (r = 0.44, P < 0.001).
Heterotic groups
B-lines of G12B when crossed to 22 representative lines of all 12 R-line groups gave highest mean grain yield of 3448 kg ha −1 , followed by lines of G10B (3330 kg ha −1 ), G16B (3237 kg ha −1 ) (Table 7) , while B-line groups G13B, G15B, and G14B produced hybrids with lowest grain yields. Similarly, R-lines of G12R when crossed to all the 15 representative lines of 7 B-line groups showed highest mean grain yield of 4122 kg ha −1 , followed by lines of G4R (3559 kg ha −1 ), G1R (3382 kg ha −1 ) and so on, while groups G10R, G11R and G8 produced hybrids with lowest grain yields. Based on the t test and mean performance for grain yield of the marker groups, G12B when crossed with all other R-line groups had highest yield performance of hybrids, mid-parent and better-parent heterosis followed by G10B. Whereas among R-line marker groups, G12R had high GCA when crossed with most of the B-line groups (G12B, G10B, and G11B), followed by G4R (Table 4 ). B-line (B-110) in G12B and R-167 (G12R) had highest GCA among all the breeding lines, while B-159 from G10B and R-2 (G4R) had highly significant GCA values.
Discussion
Connections between historical strategy in the development of hybrid parents in pearl millet and observed diversity pattern
Majority of hybrid parents derived from six breeding programs delineated into clear-cut separate B-and R-line groups. Some previous studies have also reported similar clustering pattern of B-and R-lines into two separate mega-groups based on genotyping or phenotypic evaluations (Nepolean et al. 2012; Gupta et al. 2015; Singh et al. 2018; Ramya et al. 2018) . The existence of B-and R-lines as separate groups has been found responsible to behave as two separate broad heterotic pools, as B × R hybrids reported significantly higher levels of heterosis than B × B or R × R hybrids ). This can be explained by historical strategy of trait-based breeding followed by pearl millet breeding programs in the utilization of germplasm and breeding material in the development of B-and R-lines. The programs utilized germplasm having highly productive traits, like earliness, bold grain size, high tillering potential, along with photo-insensitiveness toward seed/maintainer parent (B-line) development, while global or South Asian germplasm having better adaptation to South Asian ecology along with taller height and good pollen production traits was utilized more toward pollinator/restorer parent (R-line) development. ICRISAT used most of the Iniadi germplasm, which refers to the germplasm from "Togo" region (region comprising of West African countries of Ghana, Togo, Benin, and Burkina Faso) which was highly productive, early, bold seeded, photo-insensitive, dark gray seed color in the B-line development program (Andrews and Kumar 1996) . Also, gene diversity and PIC indicated R-lines to be genetically more diverse than the B-lines, which is due to involvement of mostly non-iniadi and more diverse germplasm in the development of R-lines, as reported earlier in pearl millet (Nepolean et al. 2012; Gupta et al. 2015; Singh et al. 2018; Ramya et al. 2018) . Though pearl millet breeding programs have avoided using same germplasm in both the B-and R-line development to maintain them as separate heterotic groups, but some groups (G10, G11, and G12) in the present study had mix of both B-and R-lines indicating the existence of genetic closeness between some of the B-and R-lines. This genetic relatedness between B-and R-lines was observed earlier also in a study based on ICRISAT hybrid parents, which was primarily due to the involvement of some traitspecific donor B-line (when specific trait was not available Table 6 Correlations between genetic distance (GD), hybrid grain yield (HGY), SCA, and mid-and better-parent yield, among all the 320 hybrids and among 84 marker-based groups in pearl millet HGY hybrid grain yield, MPGY mid-parent grain yield, BPGY betterparent grain yield ** and ***Significant at 0.01 and < 0.001 levels of probability in restorer parent background) in the R-line breeding or vice versa (Gupta et al. 2015) . This study involving hybrid parents from six breeding programs showed that parental lines from any of these programs were distributed across different marker-based groups indicating the existence of significant genetic diversity in both public and private sector pearl millet breeding programs. Also, genetic relatedness was observed between parental lines due to the presence of common parents in their pedigrees. Such genetic similarities found between lines bred from a particular program can happen due to involvement of same set of few parents in breeding or due to directional selection for same set of adaptive traits in that program.
Yield and heterosis
Significant G × E effects were detected for hybrid yields due to the differential response of hybrids to various environments modulated by various changes in climatic and edaphic factors across locations. It is an important component in pearl millet hybrid breeding to evaluate G × E effect for developing products adapted to different environments as this crop is grown in highly unpredictable marginal environments. It is difficult to develop a "universal high-yielding or high-heterotic" hybrid for different environments in crops like pearl millet which are grown in the arid and semiarid tropics, because of divergent and fluctuating environments in these ecologies. The only pearl millet hybrid, which occupied largest acreage across different agroecologies/zones and cultivated across seasons over a longer period in India, has been ProAgro 9444. ProAgro 9444 had grain yield of 3490 kg ha −1 in our study, while Pioneer 86M86 was the highest yielder (4077 kg ha −1 ).
On average, our hybrids produced 60.5% higher yield than their better parents, with a wide range of variation in yield and better-parent heterosis (− 22.7 to 211.5%), indicating good opportunity to select heterotic hybrids for future. The highest yielding hybrid had 71% higher yield than its better-parent and 30% higher yield than the most stable hybrid 9444, while had about 15.3% higher yield than the best check hybrid (86M86). Thirty-eight hybrids among the 320 experimental hybrids out yielded the most adaptable check hybrid ProAgro 9444 by more than 10% heterosis. The parents involved in these 38 heterotic hybrids were mainly from the groups G12R (28.9%), G10B (26.3%), G12B (21.0%), G13B (18.4%), and G4R (10.5%). The parents in the G11B, G15B, G16B, G2R, G7R, and G9R contributed only 5. 2, 7.8, 7.8, 5.2, 5.2, and 5.2% each, respectively, to these 38 hybrids. Positive correlation found between grain yield of hybrids and mean grain yield of parental lines (r = 0.42, P < 0.001) or with grain yield of better-parent (r = 0.44, P < 0.001) indicated that continued selection for higher yielding parents as normally practiced in all pearl millet breeding programs can enhance opportunity for development of high-yielding hybrids. Also, the mean grain yield of parents was found positively correlated with GCA for grain yield (r = 0.42, P < 0.001) indicating that selection of breeding lines for high grain yield will lead to some extent, indirect selection for high GCA. In this context, it is also important to note that high grain yield potential of parental lines has a direct bearing on hybrid seed production economy.
Identification of heterotic groups in hybrid parents of pearl millet
Eight out of 84 marker group crosses had heterosis of > 10% for grain yield than ProAgro 9444, while 6 marker group crosses had grain yield higher than the best performing hybrid 86M86. These results indicated that it is possible to identify hybrid combinations with yields higher than the best commercial hybrid available in the market based on the heterotic group information. Earlier, the relative performance of hybrid parents of known origin and pedigree was commonly used, to combine parents from different genetic backgrounds to develop heterotic hybrids. To define heterotic groups in any crop, Menz et al. (2004) suggested that initially germplasm need to be classified into groups based on the estimates of genetic diversity. Molecular markers have been recently used in pearl millet hybrid parents to assess the genetic relatedness; however, there is scarce information on assessing heterotic groups in hybrid parents available across breeding programs and specifically in relation to best performing hybrids available at farmer's field. Pucher et al. (2016) investigated heterotic patterns among geographically close versus distant pearl millet populations of Western and Central African (WCA) origin based on phenotypic evaluation and could not find clear heterotic groups, and the probable reason identified was the presence of high levels of genetic admixture in WCA pearl millet populations (due to a combination of protogyny facilitated outcrossing and extremely robust wind and insect borne pollen in pearl millet), whereas Ramya et al. (2018) recently identified heterotic pools in pearl millet in investigation of 384 hybrid parents, which involved parental lines from one breeding program only.
The present study involving inbred parental lines from six breeding programs attempted to reveal information on heterotic gene pools in the existing hybrid parents. Based on a lead from previous study that the existing B-and R-gene pools in pearl millet behave as two major heterotic groups ), this study investigated hybrids which represented 84 B-× R-marker-based group of crosses. The basic criterion to identify heterotic groups was based on the performance of hybrids among these groups of crosses. Based on the marker group crosses involving hybrid parents available across ICRISAT and pearl millet breeding programs (both public and private sector), parental lines of G12B when crossed to parents of all R-line groups had highest hybrid yield performance, MPH and BPH than other B-line groups and was designated as HGB1. Parents of G12R were found best combiners with parental lines of most of the B-lines (G12B, G10B, G13B, and G11B), so was designated as HGR1. The highest heterosis was observed between these HGB1 (B-lines) × HGR1 (R-lines) marker groups. Similarly, the parents (B-lines) of group G10B and of G4R (R-lines) also had high hybrid yield performance, BPH and MPH and were significantly different in mean hybrid yields than HGB-1 and HGR-1 groups, hence were designated as HGB-2 and HGR-2, respectively. Among R-line marker groups, lines of G12R had high GCA with lines of the most of the B-line groups (G12B, G10B, and G11B), followed by G4. G12B and G10B B-line groups combined with G12R and G4 R-line groups are our preferred choice of hybrids from available hybrid parents to achieve higher-yielding hybrids than the currently available best commercial checks. On average, the hybrids derived using these heterotic groups produced 10.6% (HGB-1 × HGR-1) and 9.3% (HGB-2 × HGR-1) of grain yield over best commercial check Pioneer 86M86. The parents with low or no possibility of producing high-performing hybrids, such as those in G14B and G15B of B-lines and G8R, G11R, G10R, G9R, G7R of R-line groups have limited value for developing high-performing hybrids within currently available germplasm and they have to be further improved to combine with germplasm from other possible heterotic pools or to be diverged with more breeding efforts. It should be noted that the core set of parents from this study generally fits South Asian environment based on hybrid parents available in ICRISAT-India and pearl millet breeding programs in India. Further heterotic groups could be changed or enhanced when new parents with new traits/germplasm are integrated and adapted to the targeted cropping region.
Though the identification of heterotic groups in our study was primarily based on the hybrid performance between marker group crosses, we also need to understand the patterns of SCA and GCA in this breeding material. The public and private sector pearl millet breeding programs involved here and many others in India have been advancing progenies based on performance per se of lines to develop highyielding seed parental lines to economize the production cost in hybrid seed production plots. Hence, there is not much information available about the status of SCA and GCA variances in the existing B-and R-gene pools of pearl millet. Our study indicated high SCA:GCA ratio (about 2 times, as shown in Table 3 ) in this representative set of breeding materials, indicating predominance of SCA variance over GCA variance in pearl millet hybrid parents, which was different than many of the established maize hybrid breeding programs of the USA and Europe where low SCA:GCA ratio was observed (Duvick et al. 2004; Melchinger et al. 2003; Parrisseaux and Bernardo, 2004; Reif et al. 2005; Schrag et al. 2006) . Heterotic groups were identified quite early in maize, mainly flint and dent, which helped maize breeders to focus on the development of breeding lines having high GCA within the heterotic groups and simultaneously for high SCA between the heterotic groups. Such clearcut breeding strategy was missing in the other crops, like in pearl millet, where information about heterotic groups was missing. Though some of the US and European maize breeding programs have now shown reduction in these differences between SCA and GCA variances over a period of time Schrag et al. 2006 ) due to continuous selection, some of the other breeding programs, like of the University of Hohenheim, Germany, counterbalanced this reduction by continuous introgression of new germplasm (Fischer 2008) . Also, with predominance of GCA variance over SCA variance, early testing became more effective in these programs and superior hybrids could be identified and selected based on their predictions from GCA effects. Considering this scenario in other crops, we suggest that there is need to investigate SCA and GCA variances in the existing B-and R-line heterotic pools of pearl millet to better understand the contribution of GCA and SCA variances toward heterosis and to plan controlled introgression of new germplasm in hybrid breeding programs to balance diversity (long-term selection gain) versus short-term selection gain.
Marker-based GD and hybrid yield/SCA for grain yield had no correlation, as was also reported in other studies in different crops (Riday et al. 2003; Geleta et al. 2004; Dias et al.2004; Teklewold and Becker 2006; Zeid et al. 2003; Ghaly and Al-Sowayan 2014; Gupta et al. 2018) . Earlier, Charcosset et al. (1991) demonstrated that the association between marker heterozygosity and QTLs affecting the target trait is a function of the linkage disequilibrium between them. This necessary condition is generally fulfilled in the case of with-in group hybrids because of linkage disequilibrium generated by drift; while no such correlation can be expected between-group hybrids since linkage disequilibrium differs randomly from one heterotic group to the other (Charcosset and Essioux 1994) . Hence, distances based on markers cannot predict performance for betweengroup hybrids, the same result was found in our study for between-heterotic group hybrids, and was also reported earlier (Melchinger et al. 1992; Boppenmeier et al. 1992) . Use of markers unlinked to the trait in the estimation of genetic distance could also be other possible reasons for low magnitude of correlations or poor correlations between genetic distances. To overcome this problem, Bernardo (1992) suggested identifying of specific marker loci with tight linkage to those chromosomal segments that determine the expression of the traits of interest. Schrag et al. (2007) determined the haplotype block structure of experimental germplasm from a hybrid maize breeding program to develop models for hybrid performance prediction based on haplotype blocks. They compared the prediction based on haplotype blocks with other approaches and found that prediction based on variable haplotype block length resulted in an improved prediction of hybrid performance compared with the use of single markers. Therefore, estimation of genetic distance between inbred lines based on 'informative markers' has been suggested by some researchers to possibly improve the correlation between genetic distance and hybrid performance. Our results showed that parental groups can be formed first by molecular markers, which may not predict the best hybrid combination, but have practical value in assigning the existing and new hybrid pearl millet germplasm/parental lines into heterotic groups and thus increasing the opportunities to develop desirable hybrids from the best heterotic groups, which is consistent with a previous study in rice (Xie et al. 2013 ) and maize (Lanza et al. 1997) .
